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SUMMARY 

A need e x i s t s  t o  r e t a i n  a  water" p o t a b i l i t y  once it has  been reclaimed aboard 
a  space veh ic l e .  Pas t  e f f o r t s  have used thermal s to rage  o r  a  s i l v e r  ion gen- 
e r a t o r  t o  accomplish t h i s .  The thermal s to rage  method has a  cons iderable  power 
pena l ty .  The s i l v e r  ion  genera tor  method has shown l imi t ed  a p p l i c a b i l i t y ,  

Water c h l o r i n a t i o n  i s  t h e  most widely used method. I ts  a p p l i c a t i o n  t o  t h e  water 
reclamation process  of  advanced l i f e  support  systems has n o t  been attempted be- 
cause of  p a s t  d i f f i c u l t i e s  i n  developing a  r e l i a b l e  and simple e l e c t r o l y t i c  
ch lo r ine  (C12) genera tor .  Also, t h e r e  have been d i f f i c u l t i e s  i n  developing a 
low r a t e  feed  device .  The cu r ren t  program r e p r e s e n t s  a  f i r s t  s t e p  in " t h e  de- 
velopment of  such a  C12 supply.  I t  would allow i n - f l i g h t  genera t ion  af  C 1 3  a t  
t h e  time and only i n  t h e  amount needed. 

The device c o n s i s t s  of t h r e e  s e r i e s  e l e c t r o l y t i c  c e l l s .  A C 1 2  genera tor  that 
produces a  C l 2  f lowra te  p ropor t iona l  t o  cu r r en t  and q u a n t i t y  p ropor t iona l  t o  the 
i n t e g r a t i o n  of  cu r r en t  over t ime.  A by-product,  hydrogen (H2) gas ,  i s  also 
produced. This  H2 i s  immediately consumed i n  t h e  second e l e c t r o l y t i c  coil. The 
t h i r d  c e l l  i s  an electrochemical  va lve  t h a t  a l s o  performs a  C 1 2  flow metering 
func t ion .  

During t h e  program a  l abo ra to ry  breadboard of t h e  system was designed and tested. 
I t  cons i s t ed  of t h e  t h r e e  c e l l s  i n t e g r a t e d  toge the r  and a  t e s t  con t ro l  and i n -  
s t rumenta t ion  console .  The l a t t e r  was used t o  ob ta in  c h a r a c t e r i z a t i o n  data  
during t h e  t e s t  program. 

The t o t a l  power requi red  by t h e  t h r e e  components was l e s s  than  + wat t - -0-2  watts 
f o r  t h e  genera tor ,  0.02 wat t s  f o r  t h e  va lve  and no power r equ i r ed  by t h e  
e l imina to r .  The gases  were found t o  be generated i n  a  pure form. ho C 1 2  o r  
o t h e r  gas was evolved with t h e  H z .  No oxygen (02) o r  o t h e r  gas was evolved with 
t h e  C l 2 .  

A continuous opera t ing  t e s t  was c a r r i e d  out  a f t e r  t h e  paramet r ic  s t u d i e s .  A 
t o t a l  of 788 hours were accumulated p r i o r  t o  shutdown f o r  m a t e r i a l s  evaluat iar i ,  
The s e l e c t e d  m a t e r i a l s  of  cons t ruc t ion  were found t o  be s t a b l e .  Use of  platlnurn 
black was observed not  t o  be necessary f o r  performance. The device i s  ready 
f o r  i n t e g r a t i n g  i n t o  a  complete water d i s i n f e c t i n g  system. A minimu1 form o f  
t h e  l a t t e r  inc ludes  a  C12-into-water d i spenser  and a  ch lo r ina t ion  level d e t e c t o r  
and feedback con t ro l  loop i n  add i t i on  t o  t he  e l e c t r o l y t i c  feed supply.  



INTRODUCTION 

1.1 Background 

An adequate supply of  po tab le  water  i s  an e s s e n t i a l  requirement f o r  a space- 
c r a f t .  The occupants must have water f o r  dr inking ,  food p repa ra t ion ,  washing 
and o t h e r  s a n i t a r y  purposes.  Thus, po tab le  water recovery i s  an e s s e n t i a l  
p a r t  of an advanced l i f e  support  system. Maintaining t h e  recovered water pot- 
a b l e  i s  equa l ly  important .  

Two methods f o r  maintaining water p o t a b i l i t y  have rece ived  t h e  most a t t e n t i o n - -  
thermal s to rage  and use of  a  s i l v e r  ion  genera tor .  With t h e  thermal storage 
method processed water  i s  kept  a t  160F. Heaters  must be provided i n  aEP tanks 
and on t h e  water l i n e s  t o  maintain temperature.  However, a  po r t ion  o f  t h e  water 
must be cooled p r i o r  t o  consumption as dr inking  water .  This cooled area c f  
pip ing  has proven t o  be a  b i o l o g i c a l  problem. A l t e r n a t e l y ,  condensate water 
can be pumped a t  a  cons tan t  r a t e  through a  s i l v e r  ion  genera tor  t h a t  produces 
s i l v e r  ions  e l e c t r o l y t i c a l l y  from a  s i l v e r  e l e c t r o d e .  Upon r egu la t ing  t h e  cur- 
r e n t  input  t o  t h e  genera tor ,  s i l v e r  i ons  a r e  d isso lved  i n t o  t h e  water a t  t he  
concent ra t ion  of about 200 p a r t s  pe r  b i l l i o n .  ( l , 2 )  

1 . 2  Advantages of Water Chlor ina t ion  

The use  of water ch lo r ina t ion  o f f e r s  s eve ra l  important advantages over tne s i l v e r  
ion  i n j e c t o r  approach. F i r s t ,  more information i s  known about the  c h l o r i n a t i o n  
process  and i t ' s  e f f e c t s  on humans than  about t he  s i l v e r  ion method, Chlorina- 
t i o n  a l s o  g ives  broader  b e n e f i t s  inc luding  t a s t e  and odor con t ro l  in addition to 
i t %  primary d i s i n f e c t i n g  func t ion .  Chlor ina t ion  can be used t o  c o n t r o l  micro- 
organism l e v e l s  a t  var ious  o t h e r  s t ages  of t h e  water reclamation process  ~tself. 
This  i s  n o t  p r a c t i c a l ,  i f  a t  a l l  p o s s i b l e ,  with t h e  s i l v e r  ion  metiiod, Silver 
i o n s ,  on t h e  o t h e r  hand, may be i r r e v e r s i b l y  consumed by t h e  body leading t o  
phys io logica l  changes. Also, it i s  d i f f i c u l t  t o  maintain t h e  s i l v e r  i o n  lresidutl 
i n  t h e  presence of o t h e r  chemicals i n  t h e  water .  

The major disadvantages t o  thermal s to rage  i s  t h e  power requi red  t o  concinucusLy 
maintain t h e  water a t  160F. This  disadvantage appears most prominent when water 
t r a n s f e r  l i n e s  r e q u i r e  t r a c e  hea t ing  and i n s u l a t i o n .  

1 .3  Advantages of C 1 2  

The use of 612 i n  t h e  t reatment  of s a n i t a r y  water i s  a t t r i b u t a b l e  t o  r t s  toxi- 
co log ica l  e f f e c t s  on microorganisms and i t s  ox ida t ive  capac i ty .  I n  add i t i on  to 
i t s  use f o r  d i s i n f e c t i o n ,  it r e t a r d s  p u t r i f i c a t i o n ,  reduces b i o l o g i c a l  02 demand, 
f a c i l i t a t e s  grease removal, and con t ro l s  odor. Through i t s  b a c t e r i c i d a l  a c t i o n ,  
f o r  example, it des t roys  o r  i n a c t i v a t e s  s u l f a t e  reducing organisms that would 
genera te  odorous s u l f i d e  bearing compounds under anaerobic cond i t i ons ,  

(1) Albr ight ,  C .  F . ,  Nachum, R . ,  and Lechtman, M .  D . ,  "Development of an Elec-  
t r o l y t i c  S i lver - Ion  Generator f o r  Water S t e r i l i z a t i o n  i n  Appollo Spacecraft 
Water Systems," F ina l  Report,  Ga r re t t  Corp.,  June,  1967. 

(2 )  C l ive r ,  D .  O . ,  S a r l e s ,  W .  B . ,  F o e l l ,  W .  K . ,  and Goepfer t ,  J .  M,, ""Bocidal  
E f fec t s  of S i l v e r , "  Wisconsin Univers i ty ,  February, 1970. 



A v a r i e t y  of  chemicals e x i s t  t h a t  a r e  capable of provid ing  t h e  d i s i n f e c t i n g  
hypochlorous a c i d  without  r e s o r t i n g  t o  t h e  a c t i o n  of  C 1 2  wi th  water .  
These inc lude ,  f o r  example, va r ious  forms of  l i q u i d s ,  powders and t a b l e t s  
t h a t  conta in  calcium o r  sodium hypochlor i te .  The main drawbacks t o  t h e i r  use 
have been t h e  need f o r  s to rage  of  a  volume of  p o t e n t i a l l y  t o x i c  and co r ros ive  
m a t e r i a l s  and t h e  d i f f i c u l t y  o f  feed  con t ro l  a t  t h e  very  low feed  r a t e s  needed 
t o  c h l o r i n a t e  t h e  small  q u a n t i t i e s  o f  water  involved ( e .g . ,  10 pounds of  water 
pe r  man-day). The i n - f l i g h t  genera t ion  of C12 from common t a b l e  s a l t  (sodium 
chlor ide ,  NaCl) does n o t  have - these  problems. 

A D i s in fec t ing  System 

A complete water c h l o r i n a t i o n  d i s i n f e c t i n g  system inc ludes :  

1. The C 1 2  supply; 

2 .  A method of  d i spens ing  C12; 

3 .  A method of sens ing  c h l o r i n a t i o n  l e v e l  and an e l e c t r i c a l  
feedback loop t o  con t ro l  t h e  r a t e  of ch lo r ina t ion ;  and 

4. A method of  dech lo r ina t ing  water t h a t  has  been given an 
overchlor ina ted ,  "shock" t r ea tmen t .  

The cu r ren t  program focused on t h e  method of  C 1 2  supply. 

Sa fe ty  

Although C 1  gas  i s  i r r i t a t i n g  t o  t h e  s k i n ,  eyes and r e s p i r a t o r y  system, t h e  
c u r r e n t  met l?i od of o n - s i t e  genera t ion  avoids such dangers.  The p r o t e c t i o n  i s  
simple. Chlorine i s  n o t  s t o r e d  but  only generated a s  needed. 

The q u a n t i t y  of C12  gas  a c t u a l l y  i n  ex i s t ence  a t  any time i n  a  12-man system 
would be l imi t ed  t o  a  volume of  4  x  cubic  f e e t  (@..I cub ic  cen t ime te r ] ,  
I f  completely r e l ea sed  i n t o  a  confined volume of  10,000 cubic f e e t ,  t h e  concen- 
t r a t i o n  of  Cl2 would only be 0.04 p a r t s  p e r  b i l l i o n .  This r ep re sen t s  a much 
smal le r  r i s k  than  t h a t  a s soc i a t ed  wi th  o the r  methods of s t o r i n g  ch lo r ina t ion  
chemicals.  

1 .6  Electrochemical C 1 2  Generation 

The most successfu l  a t tempt  t o  an on - s i t e  approach t o  genera t ion  of 612 f o r  
space app l i ca t ion  was a  program completed a t  t h e  NASA Langley Research Center .  (31 
This  a c t i v i t y  generated C 1 2  from a  copper ch lo r ide  s o l u t i o n .  I t  i den tk f i ed  
seve ra l  drawbacks t o  t h e  approach t h a t  had t o  be solved o r  avoided t o  permit 
succes s fu l  e lectrochemical  genera t ion  of  C 1 2  f o r  water t reatment  aboard a 
spacec ra f t .  The i d e n t i f i e d  problems included:  

1. The use  of  copper depos i t ion  t o  prevent  by-product H2 evolu t ion  
along with C12 requi red  c a r e f u l  cu r r en t  d e n s i t y  con t ro l  t o  p re -  
vent  copper d e n t r i t e s  from forming. With passage of time and 
cu r ren t  such d e n t r i t e  growth shor ted  t h e  electrochemical  c e l l  
e l ec t rodes .  

(3 )  Bruce, R .  A . ,  "Special ized Halogen Generator," NASA Case X L A - 8 9 1 3 ,  
October 9 ,  1969. 



2. Es t ab l i sh ing  a  r e l i a b l e  r e l a t i o n  between cu r ren t  f l a k  ani r 
genera t ion  r a t e  was d i f f i c u l t  because coulometr ic  e f f j c i e n c y  
v a r i e d ,  This  r e s u l t e d  from back d i f f u s i o n  of  a  po r t ion  o f  ene 
generated C 1 2  through t h e  e l e c t r o l y t e  t o  t h e  c e l l ' s  ca thode ,  
Here it both chemically r eac t ed  with t h e  copper and was e l e c t r o -  
chemically consumed. 

3 .  h excess ive  amount of system complexity r e s u l t e d  when an 4( 
cu r r en t  was used t o  r a i s e  t h e  c e l l ' s  opera t ing  temperature,  
The h igher  temperature was used t o  avoid osmotic transf-.r  t c i  
water ac ros s  t h e  hydrophobic membrane sepa ra t ing  t h e  C12 from 
t h e  water t o  be ch lo r ina t ed ,  

These e f f o r t s  t o  incorpora te  t h e  b e s t  and most widely used approac1-i t o  -\cheer 

t rea tment  i n  a  space environment i nd ica t ed  t h e  major d i f f i c u l t y  was aeveioprnd 
a  simple, r e l i a b l e  method f o r  genera t ing  C 1 2  a t  t h e  time it i s  needed ,XIJ Far 
long pe r iods .  The on-board genera t ing  technique i s  necessary  t o  avo:ai; Llae r,eed 
t o  s t o r e  q u a n t i t i e s  of gaseous o r  l i q u i d  C 1 2  wi th in  t h e  confines o f  a sptlce 
v e h i c l e .  

E ,  7 Background t o  Current Program 

A s  a  r e s u l t  of i t s  in-house search  f o r  app l i ca t ions  of electr-ochemast-,! rc 
space app l i ca t ions ,  personnel  a t  L i fe  Systems cons t ruc ted  and denion*i r~  :c a 
device t h a t  permi ts  c a r e f u l  con t ro l  of  C l  genera t ion  f o r  water ~ h * ~ ) r : s i a : i c n .  

2 
Lt i s  c a l l e d  t h e  CHLORQGEN device and i s  unique i n  s eve ra l  ways, l r  A s  ~ .pp l  L C -  

ab le  t o  small  q u a n t i t i e s  of water .  It allows simultaneous generatior t.1: 1 2  \ A L P T  
t h e  C l 2  bu t  prevents  any inconvenience a s soc i a t ed  with i t s  evolu t ion  by i m e d r e t c l y  
and e lec t rochemica l ly  r e a c t i n g  it i n  an ad jacent  c e l l .  The problems a s s , ~ c a a t e d  
wi th  t h e  use  of  a copper cathode, t h e r e f o r e ,  a r e  avoided. 

The process  i s  f u r t h e r  unique i n  t h a t  t h e  H2 e l imina t ion  s t e p  requires no power, 
us ing  ambient a i r  a s  a  source of t h e  depolar iz ing  agent f o r  t h e  adjacent cell 
couple.  Di rec t  depo la r i za t ion  of  t h e  C P Z  genera t ing  c e l l  with a i r  bva. n J t  r e c -  
ommended s i n c e  it was des i r ed  t o  use every method poss ib l e  t o  s epa rc t c  :lee zv- 
b i e n t  a i r  from t h e  generated (0 .1  cubic  cent imeter)  C T 2 .  

The CMLOMOGEN device employs an e l e c t r o l y t i c  type of va lve  t o  contr?:  the fPoh~ 
of C 1 2 .  Chlorine only flows when cu r ren t  f lows.  S t a r t i n g  and s topplng of t h e  
flow, t h e r e f o r e ,  r e s u l t s  from t h e  opening and c los ing  of an e l e c t r i c a !  i : ~ ~ c u l t ,  
a process  much f a s t e r  i n  response than mechanical va lves .  Because of  t n ~ s  
f e a t u r e ,  t he  p a r t s  pe r  mi l l i on  of C12 requi red  i n  t he  chloi-inatlon , ~ r o c ~ - i s  C J J  

be c a r e f u l l y  r egu la t ed .  The C 1 2  f lowra te  i s  d i r e c t l y  propor t iona l  to tt1c cur- 
r e n t  flowing because each s i d e  of t he  e l e c t r o l y t i c  va lve  conta ins  C b 2 ,  l\lc O : ~ K I  

consurnable ma te r i a l  i s  p re sen t  t h a t  can d i f f u s e  across  t he  c e l l  t o  resel!. _ n  
coulometric i n e f f i c i e n c i e s ,  The t o t a l  quan t i t y  of C 1 2  used i s  accurate;  7 ,le- 
termined by i n t e g r a t i n g  the  cu r r en t  flow over t h e  time i n t e r v a l ,  

P r io r  t o  i n i t i a t i n g  t h e  cu r r en t  program, each one of t h e  e l ec t roche~~~icca i  cornyon- 
e n t s  of t h e  CHLORQGEN device had been operated as  an en t iq r - - the  C 1 2  g e n e r a t o r ,  
t he  H2 e l imina to r ,  and the  Cl2 va lve .  



1.8  Current  Program 

The purpose of t h e  program was t o  b u i l d  a l abo ra to ry  breadboard of t h e  C P 2  
genera t ing  device .  The device  was t o  be used t o  (a) demonstrate i n t e g r a t e d  
component opera t ion  and (b) eva lua t e  and c h a r a c t e r i z e  i t s  performance, 
S p e c i f i c a l l y ,  t h e  o b j e c t i v e s  included t h e  fol lowing:  

1. Refurbish L i f e  S y s t e m s h e x i s t i n g  e lec t rochemica l  c e l l  
hardware and assemble it i n t o  an i n t e g r a t e d  system esm- 
bin ing  t h e  gene ra to r ,  e l imina to r ,  and va lve .  

2 .  Design and f a b r i c a t e  t e s t  ins t rumenta t ion  and labora tory  
type  c o n t r o l s  f o r  t h e  device .  

3 .  Carry out  a  Parametr ic  Tes t  Program followed by Endurance 
Tes t ing .  

4 .  Evaluate t h e  m a t e r i a l s  o f  cons t ruc t ion  t o  i d e n t i f y  any 
p o t e n t i a l  problems l i m i t i n g  i t s  app l i ca t ion .  

5 .  Del iver  t h e  system inc luding  c e l l  hardware. 

The fol lowing sec t ions  desc r ibe  t h e  system process ,  hardware, and experimental 
r e s u l t s  obtained on t h e  program. 



2.0 SYSTEM PROCESS DESCRIPTION 

The process  r e a c t i o n s  occurr ing  wi th in  t h e  e l e c t r o l y t i c  device  a r e  based on 
t h e  c h a r a c t e r i s t i c s  o f  t h r e e  e lec t rochemica l  c e l l  couples:  

1. The C12-chloride ion  ( ~ 1 - )  couple;  

2. The hydrogen ion  (H') -HZ couple; and 

3. The 02-water couple.  

The e l ec t rochemis t ry  of t h e s e  couples a r e  reviewed i n  t h e  Appendix. 

C 1  Generator Operation -2 

The C 1 2  r equ i r ed  f o r  water  t rea tment  i s  obtained by t h e  e l e c t r o l y s i s  o f  an  
ac id  s o l u t i o n  of C 1 -  i ons .  The c e l l  i s  composed of an anode, a cathode and 
t h e  e l e c t r o l y t e  he ld  i n  a mat r ix .  The C 1 2  i s  formed according t o  t h e  reaction 

The e lec t rochemica l  r e a c t i o n  t h a t  balances t h i s  ox ida t ion  i s  t h e  reduct ion  o f  
H+ contained i n  t he  s o l u t i o n  ( e l e c t r o l y t e ) .  The r e a c t i o n  i s  

When combined i n  t h e  above arrangement, t h i s  e lectrochemical  c e l l  i s  a power 
consuming device with a t h e o r e t i c a l  open c i r c u i t  vo l tage  of 1.36 volts. As 
cu r ren t  i s  drawn, t h e  vol tage  t h a t  must be imposed across  t h e  e l ec t rodes  
inc reases .  

According t o  Faraday's Laws of  E l e c t r o l y s i s ,  t h e  q u a n t i t y  of C 1 2  that i s  gen- 
e r a t e d  i s  d i r e c t l y  propor t iona l  t o  t h e  cu r r en t  t h a t  flows through the  c e l l ,  
The C 1 2  genera t ion  r a t e  can be expressed by t h e  equat ion 

where 

WC1 = C 1  generated,  gm/day 2 

I = cu r ren t ,  milliamps (a) 

The quan t i t y  of H t h a t  i s  s imultaneously formed i n  t h e  genera t ion  o f  t he  C 1 2  
can be expressed gy t h e  equat ion 

-4 WH = 9.01 x 10 ( I )  

(a) The cu r ren t  requi red  would be 3.4 ma f o r  a 12-man system with I0 ib water 
t o  be ch lo r ina t ed  a t  a 2 ppm l e v e l  pe r  man-day. 



where 

WH = H2 genera ted ,  gm/day 

I = c u r r e n t ,  milliamps 

2.2 H El iminator  Operation -2 

The H2 formed dur ing  t h e  genera t ion  o f  C 1 2  i s  e l imina ted  i n  an e lec t rochemica l  
c e l l .  The c e l l  is  composed of  an anode, a cathode and t h e  e l e c t r o l y t e  he ld  i n  
a mat r ix .  The H2 i s  consumed according t o  r e a c t i o n  

The e lec t rochemica l  r e a c t i o n  t h a t  ba lances  t h i s  ox ida t ion  i s  t h e  reduct ion  of  
O2 contained i n  a i r .  The r e a c t i o n  i s  

O2 ( a i r )  + 4 ~ +  + 4e- = 2H20 E = 1 . 2 3 ~  
0 

Mlhen combined i n  t h e  above arrangement, t h i s  e lectrochemical  c e l l  is  a power 
genera t ing  device  with a t h e o r e t i c a l  open c i r c u i t  vo l tage  of  1.23 v o l t s ,  

According t o  Faraday's Laws of  E l e c t r o l y s i s ,  t h e  quan t i t y  of H2 t h a t  i s  con- 
sumed i s  d i r e c t l y  p ropor t iona l  t o  t h e  cu r r en t  ( e l ec t rons )  t h a t  flows through 
t h e  c e l l .  The H2 consumption of  t h e  e l imina to r  can be expressed by the 
equat ion 

-4 
WH = 9.01 x 10 ( I )  

where 

W = H consumed, gm/day 
H 2 

I  = c u r r e n t ,  milliamps 

The q u a n t i t y  of 0 t h a t  i s  s imultaneously consumed i n  t h e  removal of t h e  
can be expressed ay t h e  equat ion 2 

- 5 
Wo = 7.15 x 10 (I)  

where 

W = O2 consumed, gm/day 
0 

I = cu r ren t ,  milliamps 

C l  Valve Operation -2 

The func t ion  of  t h e  C 1 2  va lve  i s  t o  con t ro l  t h e  flow of  pure C 1 2  obtained 
from t h e  genera tor  i n t o  t h e  water t reatment  d i f f u s e r .  The b a s i c  valve (cell.) 



c o n s i s t s  of two porous platinum e lec t rodes  separa ted  by the  e l e c t r o l y t e  he id  
i n  a porous matr ix.  Chlorine formed i n  t h e  generator  i s  exposed t o  one o f  the 
porous e l ec t rodes  c a l l e d  t h e  cathode. When a DC power supply i s  connected t o  
t h e  c e l l  e l ec t rodes ,  e l ec t rons  a re  caused t o  flow through t h e  cathode, The 
C l  molecules ( i n  t h e  compartment) r e a c t  with these  e l ec t rons  t o  form CI-., The 
h a f f - c e l l  r eac t ion  which occurs a t  t h e  cathode i s  given by 

The C l -  migrate under t h e  electromotive fo rce  provided by t h e  power supply t o  
t h e  o the r  porous e l ec t rode  termed t h e  anode. A t  t h i s  e l ec t rode  the  ions  are 
discharged t o  again form C 1 2  according t o  t h e  h a l f - r e a c t i o n ,  

The C 1 2  has now passed from the  cathode compartment t o  the  anode compartment. 
The e l ec t rons  re leased  a t  t h e  anode t r a v e l  through t h e  external  circuit back 
t o  the  cathode where they r e a c t  with more C 1 2 .  The process con t i l~ues  es l ong  
a s  C l  and power a r e  provided. 2 

According t o  Faradayls  Laws of E l e c t r o l y s i s ,  t h e  quan t i ty  of C 1 2  t h d t  i s  con- 
sumed ( t r ans fe r red )  from t h e  generator  and re leased  i n  the  anode compartnient 
i s  d i r e c t l y  propor t ional  t o  t h e  cu r ren t  t h a t  i s  allowed t o  flow through t h e  
valve.  The output of t h e  valve can be expressed by t h e  equation 

where 

WCl = C 1 2  output ,  gm/day 

I = cur ren t ,  milliamps 

S t a r t i n g  and stopping C 1 2  flow i s  as  simple and responsive a s  t h e  opening and 
c los ing  of an e l e c t r i c a l  c i r c u i t .  The f lowrate i s  d i r e c t l y  propor t ional  t o  
cu r ren t .  The quan t i ty  i s  d i r e c t l y  r e l a t e d  t o  an in t eg ra t ion  of t h e  current-  
time funct ion .  



3.0 SYSTEM HARDWARE DESCRIPTION 

The l abo ra to ry  breadboard o f  t h e  e l e c t r o l y t i c  C 1 2  genera t ing  device was d i v ~ ~ d e d  
i n t o  two u n i t s .  The C e l l  Stand and t h e  Control  and Ins t rumenta t ion  Console,  
The two u n i t s  a r e  connected with a cable  harness  dur ing  system ope ra t ion ,  
Figure 1 i s  a photograph of  t h e  breadboard system. 

C e l l  Stand 

The Ce l l  Stand c o n s i s t s  of  t h e  t h r e e  e lec t rochemica l  c e l l s ,  t h r e e  bubble flaw- 
meters ,  wi r ing ,  e l e c t r i c a l  connectors ,  component suppor ts  and base p l a t e ,  
Figure 2 i s  a flow schematic of  t h e  system. The g l a s s  bubble flowmeters were 
s p e c i a l l y  designed t o  i n d i c a t e  and measure extremely low gas flow r a t e s .  They 
u t i l i z e  a 10 m i l  o r i f i c e  submerged i n  a l i q u i d .  The flowmeters were c a l i b r a t e d  
i n  bubbles p e r  u n i t  t ime f o r  t h e  s p e c i f i c  gases  a t  t h e  ope ra t ing  cond i t i ons .  
The flowmeters a r e  used t o  measure and i n d i c a t e  Hz and C 1 2  flows between and 
out  of  t h e  c e l l s .  

When t h e  flowmeter i s  used i n  t h e  cathode feed  o f  t h e  H2 e l imina to r ,  presskr- 
i z ed  a i r  o r  O2 i s  needed t o  overcome t h e  p re s su re  drop of t h e  meter and m m i -  
f o l d  o f  t h e  cathode compartment. Hardware i s  a v a i l a b l e  t o  measure t h e  tenlpesa- 
Lure of each c e l l  wi th  a sheathed thermocouple probe. The wires  from t h e  vol -  
t age  l eads ,  cu r r en t  l eads  and thermocouples from t h e  electrochemical  c.eLis 
te rmina te  i n  mul t i -p in  connectors  mounted onto t h e  base o f  t h e  s t a n d .  T h i s  
base and a l l  component suppor ts  were f a b r i c a t e d  from a c r y l i c  p l a s t i c .  F l e x i b l e  
v i n y l  tub ing  and polypropylene f i t t i n g s  a r e  used t o  c a r r y  the  system's  process 
f l u i d s  . 
A blower i s  a v a i l a b l e  f o r  supplying a i r  o r  O2 t o  t h e  cathode of  t h e  e i i m ~ n a t c r .  
To use  it, however, would r e q u i r e  incorpora t ing  s l o t s  i n t o  t h e  c e l l  endp l s t e s  
t o  lower t h e  p re s su re  drop experienced when t h e  a i r  flows through t h e  cell, 

The fol lowing s e c t i o n s  d i scuss  t h e  c e l l s  i n  more d e t a i l .  

3 .1 .1  C l  Generator 
-2 

The func t ion  of  t h e  genera tor  i s  t o  e lec t rochemica l ly  genera te  gaseous C I 2  
from t h e  C l -  contained i n  t h e  a c i d i c  e l e c t r o l y t e .  Figure 3 shows a c ros s - sec t ion  
of  t h e  c e l l  used. I t  c o n s i s t s  of  t h r e e  i n t e r n a l  compartments. The cen te r  con- 
partment conta ins  t h e  e l e c t r o l y t e .  The anode compartment conta ins  t h e  gener - 
a t ed  C12  gas .  The cathode compartment c o l l e c t s  t h e  by-product Hp. E a c h  gas 
compartment i s  separa ted  from t h e  bulk e l e c t r o l y t e  by a porous mat r lx  sandwiched 
between a porous e l ec t rode  and a p l a s t i c  sc reen .  

Table 1 summarizes t h e  ma te r i a l s  of  cons t ruc t ion  used and o the r  c h a r a c t e r i s t i c s  
of t h e  genera tor .  This  c e l l  can be mounted with i t s  long a x i s  i n  a v e r t i c a l  o r  
ho r i zon ta l  p lane .  I f  a flowing e l e c t r o l y t e  mode of  opera t ion  i s  used, t h e  ve r -  
t i c a l  o r i e n t a t i o n  i s  p re fe r r ed .  A t  t h e  5 amperes per  square f o o t  (ASF) level, 
t h e  3 square inches of  a c t i v e  c e l l  e l ec t rodes  a r e  ab l e  t o  produce enough CB 
t o  d i s i n f e c t  dr inking  water f o r  a crew of 120 men a t  t h e  2 ppm ch lo r ina t ion  2 

l e v e l  and 30 pounds of  water pe r  man-day. This c e l l  s i z e  was used i n  t h e  bread- 
board t o  allow use  of e x i s t i n g  c e l l  hardware. 
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FIGURE 3 C 1 2  GENERATOR CELL 
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3.1.2 5 Eliminator  

The funct ion  of t h e  e l iminator  i s  t o  consume t h e  by-product H from the 
genera tor .  The e l imina to r  a c t s  a s  a  power generat ing device fiaving gas com- 
partments separated by a porous matr ix sandwiched between porous e l ec t rodes .  
Hydrogen e n t e r s  t h e  anode s i d e  of t h e  c e l l  while t h e  cathode s i d e  i s  exposed 
t o  a i r  o r  0 Oxygen and H2 a r e  consumed t o  form n e g l i g i b l e  amounts of  e l e c -  2 ' 
t r i c a l  power, hea t  and water .  Figure 4 shows a cross-sec t ion  of  the  e l iminator  
Table 1 summarizes t h e  c e l l ' s  c h a r a c t e r i s t i c s .  

3 .1 .3  C 1  Valve -2 

The funct ion  of  t h e  e l e c t r o l y t i c  valve is  t o  accura te ly  meter t h e  G I 2  gas. p r i o r  
t o  d i spe r s ing  it i n t o  water.  I t  i s  i d e n t i c a l  i n  cons t ruc t ion  t o  t h e  e l imina to r ,  
(See Figure 4 and Table 1 . )  

Control and Instrumentation Console 

This  console houses a l l  of t h e  con t ro l s  and instrumentat ion requi red  t o  operate 
and monitor ind iv idua l  c e l l  o r  in t eg ra ted  system opera t ion .  I t  contains th ree  
i d e n t i c a l ,  d i r e c t  current  power suppl ies  with an output range of 0-10 VDC and 
0-2 amperes. The power suppl ies  a r e  of t h e  automatic crossover type enab~ling 
constant  current  o r  constant  vol tage  operat ion.  

The constant  cu r ren t  cont ro l  r e s u l t s  i n  a  constant  gas generat ion r a t e .  The 
constant  vol tage  f e a t u r e  can be used t o  s e t  a  maximum ce l l -vo l t age  L i m i t .  

Each c e l l  can be operated with i t s  own power supply o r  a l l  t h r e e  c e l l s  can be 
operated e l e c t r i c a l l y  i n  s e r i e s  using only one power supply. The operat ing 
mode i s  se lec ted  by ac tua t ing  a s i n g l e  switch located on t h e  f r o n t  pane l ,  
Since the  e l iminator  i s  a power producing device,  t h e  power supply acts as a 
zero r e s i s t a n c e  load. Parametric t e s t i n g  operat ion i s  more e a s i l y  carried out 
i n  t h i s  manner s ince  c e l l  vol tage  output  f l u c t u a t i o n s  do no t  a f f e c t  current  
flow (gas generat ion r a t e s )  as  occurs with a  simple r e s i s t a n c e  a s  the  l o a d .  
Fine and coarse current  and vol tage  ad jus t  knobs f o r  t h e  power suppl ies  were 
mounted onto t h e  f r o n t  panel of t h e  console. These cont ro l  knobs, together 
with t h e  switch f o r  s e l e c t i n g  one common o r  t h r e e  indiv idual  power supp l i e s ,  
indiv idual  ON-OFF switches f o r  each power supply, one power ON-OFF switch an6 
one fan ON-OFF switch comprise t h e  cont ro ls  f o r  t h e  system. 

A l l  system instrumentat ion i s  mounted on an inc l ined  f r o n t  panel of the  console. 
I t  c o n s i s t s  of t h r e e  0-5 VDC vol tmeters ,  t h ree  0-1000 milliampere mmeters ,  
t h r e e  0-300F pyrometers and one, non-rese t table  t o t a l  operat ing time ind ica to r  
s e t  t o  read i n  hours. 

A l l  e l e c t r i c a l  connections f o r  system power and instrumentat ion a r e  made 
i n  back of the  console v i a  two connectors and one thermocouple s t r i p - p a n e l .  
The console i s  protec ted  by a 3 ampere r e s e t t a b l e  c i r c u i t  breaker .  All switches 
a r e  of t h e  i l luminated pushbutton type.  
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Maintainability was a prime consideration in designing the console, By using 
electrical connectors, the console can be quickly disassembled into four sub- 
assemblies; the front panel, power supply rack, connector panel, and console 
enclosure. Two separate and detachable connecting cables are used to supply 
power to the console and connect the cell stand with the console. Quick acces- 
sibility to console components is provided through a rear panel door. 



4.0 SYSTEM OPERATION 

4.1 Short-Term O ~ e r a t i o n  

The labora tory  breadboard was designed t o  demonstrate in t eg ra ted  component 
operat ion.  I t  was the re fo re  l imi t ed  t o  a short- term, continuous operat ing 
time c a p a b i l i t y .  Af ter  in t eg ra ted  opera t ion  was success fu l ly  demonstrated 
and charac ter ized ,  and with a s l i g h t  modif icat ion,  long-term opera t ing  times 
were a b l e  t o  be achieved. In  t h e  short- term mode t h e  cen te r  compartment of 
t h e  genera tor  i s  f i l l e d  with sodium ch lo r ide  (NaC1) sa tu ra t ed ,  25% s u l f u r i c  
ac id  (H2S04). The number of  d isso lved ~ 1 -  contained i n  t h i s  volume of  e l e c -  
t r o l y t e  was s u f f i c i e n t  f o r  approximately 4 hours of system operat ion a t  5 ASF 

4.2 Endurance Operation 

For extended opera t ing  t imes,  a flow of  e l e c t r o l y t e  i s  allowed t o  pass slowly 
through t h e  cen te r  compartment of the  generator .  This i s  achieved i n  a g rav i ty  
environment by using two e l e c t r o l y t e  conta iners  a t  d i f f e r e n t  e l eva t ions .  Both 
conta iners  were lower than t h e  c e l l  e l eva t ion .  With t h e  t h r e e  c e l l s  charged 
with e l e c t r o l y t e  and mounted on t h e  Ce l l  Stand, power i s  applied t o  the  system 
from t h e  Control and Instrumentation Console. 

4 .3 Power Supply Selec t ion  

With t h e  mode s e l e c t o r  switch i n  t h e  "Three P.S." pos i t ion ,  any one, two, o r  
t h r e e  c e l l s  can be operated by pushing the  indiv idual  ON-OFF c e l l  switches,  
Current and vol tage  l e v e l s  a re  ind iv idua l ly  cont ro l led  f o r  each c e l l .  With 
the  mode s e l e c t o r  switch i n  t h e  "Single P.S." pos i t ion ,  t h e  c e l l  ON-OFF 
switches a r e  taken out of  t h e  c i r c u i t s  and t h e  current  and vol tage  con t ro l s  
f o r  t h e  H2 e l iminator  power supply a r e  used t o  cont ro l  t h e  breadboard's cur- 
r e n t  and vol tage .  

4.4 System Star t -up  

Typical s t a r t - u p  i s  achieved by using t h e  "Three P.S." mode and applying power 
f i rs t  t o  the  generator .  The o the r  two c e l l s  a re  i n  t h e  unpowered condi t ion ,  
With current  flowing through t h e  generator ,  gases s t a r t  t o  bubble through the  
bubble flowmeters on e i t h e r  s i d e  of t h i s  c e l l .  These gases a re  allowed t o  
flow through the  gas i n l e t  s i d e s  of t h e  o the r  two c e l l s ,  and out  through the 
backpressure hoses,  thus  f lush ing  out  r e s idua l  gases i n  these  compartments, 
Af ter  severa l  minutes of f lush ing ,  power can a l s o  be applied t o  these  cells. 
Once a l l  t h ree  c e l l s  a r e  operat ing,  e i t h e r  "Three P.S." o r  "Single P .S ."  cppear- 
a t i o n  can be used. I f  des i red ,  and by observing the  l i q u i d  l e v e l s  i n  the  
backpressure hoses, a v a r i e t y  of system opera t ing  condit ions can be s e t  up by 
manipulating t h e  current  l e v e l s .  



5.0 EXPERIMENTAL RESULTS 

The primary ob jec t ive  of t h e  t e s t  program was t o  demonstrate in t eg ra ted  system 
opera t ion  preceeded by minimum ind iv idua l  c e l l  parametr ic  t e s t i n g .  The exper i -  
mental program was divided i n t o  s i x  p a r t s .  They were: 

1. E l e c t r o l y t e  composition s e l e c t i o n  

2 .  Individual  c e l l  performance cha rac te r i za t ion  

3 .  In tegra ted  system cha rac te r i za t ion  

4. Gas p u r i t y  

5 .  In tegra ted  system endurance t e s t i n g  

6. Material  evaluat ion 

5 . 1  E lec t ro ly te  Composition Selec t ion  

In-house s t u d i e s  had shown t h a t  H SO containing d issolved NaCl was a su i tab le  4 e l e c t r o l y t e  f o r  both generator  an8 valve while H2S0 was found s u i t a b l e  f o r  
t h e  e l iminator .  Fur ther  a n a l y t i c a l  and experimentaf s t u d i e s  were conducted t o  
determine optimum e l e c t r o l y t e  composition and concentrat ion f o r  the  three cells, 
Taken i n t o  account were moisture balance between indiv idual  c e l l s  and the en- 
vironment, e l e c t r o l y t e  conduct iv i ty  va lues ,  and s o l u b i l i t y  of NaC1, t h e  source 
of c1-. 

For an ambient dew point  range of 50 t o  70F t h e  optimum e l e c t r o l y t e  concentra- 
t i o n  f o r  t h e  e l iminator  was found t o  be 25% H2S0 by weight. The c e l l  was de- 
signed t o  t o l e r a t e  t h e  volume changes r e s u l t i n g  from t h i s  range i n  dew point 
v a r i a t i o n .  The e l e c t r o l y t e  composition and concentrat ion se l ec ted  f o r  ehe gen- 
e r a t o r  and valve was 25% H2S04 sa tu ra t ed  with NaC1. 

The s o l u b i l i t y  of  NaCl i n  25% H2S04 was experimentally found t o  be 20 grams per  
100 m l  of 25% H2S04 a t  75 F. 

5.2 Individual  Cel l  Performance 

The electrochemical  performance of the  generator ,  valve and e l iminator  were 
experimentally determined. The r e s u l t s  a r e  presented i n  Figures 5 through 7 ,  
r e spec t ive ly .  The performances a r e  a l s o  compared t o  da ta  o r i g i n a l l y  obtained 
with s l i g h t l y  d i f f e r e n t  c e l l  hardware and opera t ing  condit ions.  Pe r t inen t  
d a t a  f o r  both curves a r e  indica ted  on each f igu re .  Diference i n  c e l l  construc- 
t i o n  and, where appl icable ,  i n  opera t ing  condit ions account f o r  the  minor d i f -  
fe rences  i n  the  da ta .  Both s e t s  of d a t a  f o r  the  th ree  c e l l s ,  however, fail 
within expected ranges of performance a s  indica ted  by the  voltage l e v e l s .  

5 .3  In tegra ted  System Charac ter iza t ion  

The r e s u l t s  of t h e  system's electrochemical  performance a r e  shown i n  Figure  8 .  
The da ta  compares favorably with t h a t  obtained with the  c e l l s  ind iv idua l ly  
operated. The f igu re  shows t h a t  a t  a  current  dens i ty  of  approximately 40 ASF 
t h e  C 1 2  generator  vol tage  s t a r t e d  t o  r i s e  r ap id ly ,  i nd ica t ing  s t a r t  of  a new 
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C l  evolu t ion  mechanism coupled, poss ib ly ,  with 0 evo lu t ion .  The occurrence 2  2  
of  some 0 evolu t ion  could account f o r  t h e  simultaneous r i s e  i n  va lve  voltage 2 
a s  shown i n  t h e  d a t a .  These r e s u l t s  f u r t h e r  support  t h e  s e l e c t i o n  of  low cur-  
r e n t  d e n s i t y  opera t ion  f o r  pro to type  hardware. 

System opera t ion  was unaf fec ted  by p re s su re  d i f f e r e n t i a l s  of  + 3  inches o f  water .  
The system was operated over t h e  ambient temperature range of 7 3  t o  93E ax 
ambient p re s su re .  No change i n  performance was observed a s  a  r e s u l t  of the  
temperature v a r i a t i o n s .  Also ind ica t ed  on Figure 8  a r e  t h e  performance l e v e l s  
of t h e  t h r e e  c e l l s  a f t e r  250 and 788 hours  of  opera t ion  a t  5 ASF. This  d a t a  
was obta ined  dur ing  and a t  t h e  completion of  t h e  endurance t e s t i n g  descr ibed  
below. 

5 .4  Gas P u r i t y  

Three methods were used t o  e s t a b l i s h  p u r i t i e s  of  t h e  generated gases--chemical 
a n a l y s i s ,  volumetr ic  a n a l y s i s ,  and e lec t rochemica l  coulometr ic  a n a l y s i s ,  

5 . 4 . 1  Chemical Analysis  

A chemical a n a l y s i s  was made of t h e  M and C 1  evolved from t h e  genera tor  and 
t h e  C 1 2  vented from the  va lve .  

2 2 

The H gas from t h e  genera tor  was bubbled through 100 m l  of d i s t i l l e d  waLer 
f o r  2 3  hours .  The water was then analyzed t o  determine i f  any C l  gas had been 

2 .  p r e sen t  i n  t h e  H a . -  The s tandard  Or tho to l id  method f o r  t o t a l  a v a l l a b l c  Ci,, 
both f r e e  and combined a v a i l a b l e ,  was used.  No C 1  was de t ec t ed .  The t i S t  

2 was s e n s i t i v e  t o  0.03 ppm. The H was a l s o  given a  smell  t e s t .  No C k ?  odor  
was noted .  Typica l ly ,  one can deeect  t h e  presence of  2 t o  4 ppm of  C1- i n  a 2 gas.  

The same Or thoto l id ine  method was used t o  q u a n t i t a t i v e l y  measure outputs  o"C1 
from both t h e  genera tor  and t h e  va lve .  Chlorine from the  c e l l  was again a l -  

2 

lowed t o  d i f f u s e  i n t o  a  known quan t i t y  of d i s t i l l e d  water f o r  a  given persod 
of t ime. The water was then analyzed f o r  f r e e  and combined a v a i l a b l e  CI.,. 
A G I  l e v e l  of 1.50 ppm was measured dur ing  t h e  genera tor  t e s t .  This compared 2 
t o  a  ca l cu la t ed  o r  t h e o r e t i c a l  value of 1 .54 ppm based on t h e  cu r r en t  passed.  
This r e f l e c t s  a  gas p u r i t y  o f  98%. For t h e  C l  valve t h e  measured value was 
1 - 0 0  ppm compared t o  a  ca l cu la t ed  l e v e l  of 1.0g ppm. The p u r i t y  r e f l e c t e d  w x  
95%. This  i s  a  d i f f i c u l t  experiment t o  c a r r y  out accu ra t e ly  because of  t h e  
small  q u a n t i t i e s  of gas involved and t h e  r e l a t i v e l y  l a rge  gas l i n e  volumes o f  
t h e  l abo ra to ry  breadboard. Experimental accuracy was only f e l t  t o  be SS% 
compared with the  b e t t e r  than 1% accuracy f o r  t he  t e s t  on t h e  H2 c a r r i e d  out 
over a  24-hour per iod .  

5 .4.2 Volumetric Analvsis 

A volumetr ic  ana lys i s  was made on t h e  H evolved from t h e  generator  and t h e  
C 1 2 .  evolved from t h e  va lve .  The volumeeric f lowra te  measurements were made by 
t imlng t h e  movement of a  l i q u i d  segment i n s i d e  a  0.114 inch i n s i d e  diameter 
p rec i s ion  g l a s s  tube .  

(4) "Standard Methods f o r  t h e  Examination of Water and Wastewater," Amcrican 
Public  Health Associat ion,  I n c . ,  12th Ed., 1965. 



The t h e o r e t i c a l  H2 evolut ion r a t e  ca lcu la t ed  on t h e  b a s i s  of cu r ren t  flowing 
was 0.820 cubic centimeters  pe r  minute (cc/min). The measured f lowrate  was 
0.827 cc/min. The p u r i t y  ca lcu la t ed  i s  101%. Since t h e  accuracy of the  i n -  
s t rumentat ion was l imi ted  t o  &I%, the  p u r i t y  of H2 gas was concluded t o  & 100%- 

The ca lcu la t ed  f lowrate  of  t h e  C 1  valve was 0.770 cc/min based on the  current  
l e v e l .  The measured value was 0.320 cc/min. The ca lcu la t ed  p u r i t y  i s  94%. 
Again, t h e  car ry ing  out  of t h e  experiment with C 1 2  was s e n s i t i v e  due t o  "ce 
high s o l u b i l i t y  of C 1 2  i n  t h e  flow i n d i c a t i n g  l i q u i d  sec t ion .  Hydrogen solu-  
b i l i t y  i n  t h e  l i q u i d  was n e g l i g i b l e  and caused no complication s ince  once t h e  
l i q u i d  was sa tu ra t ed ,  small changes i n  room temperature and pressure  had no 
e f f e c t  on t h e  quan t i ty  of  H2 being passed through t h e  flowmeter. 

5.4.3 Electrochemical Analysis 

Probably t h e  most accura te  method f o r  determining t h e  p u r i t y  of t h e  gases gen- 
e ra t ed  i s  an electrochemical  opera t ional  balance. This i s  e s p e c i a l l y  t r ue  
where C 1 2  i s  involved. The same holds t r u e  f o r  H but t h e  need i s  not as 
g r e a t  s ince  t h e  o the r  methods used had shown t h e  6; p u r i t y  t o  be 100%. 

With t h e  electrochemical  process,  t he  C 1 2  generated was passed i n t o  the Ci 2 
valve immediately a f t e r  venting from the  gene ra to r ' s  anode compartment, Once 
i n  t h e  valve and with t h e  current  flowing, t h e  C 1 2  was immediately consumed. 
I f  any O2 were formed simultaneously with t h e  C 1 2  it would have appeared by 
an increase  i n  t h e  l e v e l  of the  va lve ' s  vol tage .  The electrochemiccali consump- 
t i o n  of O2 under the  condit ions of t h e  experiment required considerably inore 
vol tage  ( l . e . ,  0.5 v o l t  versus 0.02 v o l t s  a t  t h e  5 ASF l e v e l ) .  Over many hours 
of opera t ion ,  including t h a t  of t h e  endurance t e s t  i t e s e l f ,  t h e  valve voltage 
remained i n  t h e  region where only C 1 2  could be consumed. No ind ica t ion  of  
f a l l - o f f  i n  valve performance ( increase  i n  opera t ing  voltage)  was observed 
which could be a t t r i b u t e d  t o  the  presence of O2 with t h e  C 1 2 .  

From t h e  above analyses it can be concluded t h a t  t h e  Hz i s  generated free: of 
any C 1  The C 1  i s  generated f r e e  of any O2 and, s ince  the  coulomctrlc ba l -  2 ' 2 ance performed on t h e  H ind ica ted  t h a t  100% was being exhausted firom the  H 
compartment, no H was 6e ing  t r a n s f e r r e d  t o  t h e  C 1 2  compartment. 2 

2 

5.5 In tee ra t ed  System Endurance test in^ 

After  completion of t h e  system's  performance cha rac te r i za t ion ,  t h e  endurance 
t e s t  program was i n i t i a t e d .  The opera t ing  condit ions se l ec ted  were a current 
dens i ty  of 5 ASF and ambient temperature and pressure .  E lec t ro ly te  was allowed 
t o  flow a t  approximately 100 drops per  minute through the  center  compartment 
of t h e  generator .  This  was s u f f i c i e n t  t o  maintain constant  ~ 1 -  and H" cancen- 
t r a t i o n s .  The goal of the  endurance t e s t i n g  f o r  the  in t eg ra ted  system was 
168 hours. Actual t o t a l  operat ing time was 788 hours o r  33 days. The test 
was then terminated t o  allow time f o r  ma te r i a l s  evaluat ion p r i o r  t o  program 
completion. Figure 9 shows c e l l  vol tage versus opera t ing  time f o r  t h e  788 h o u r s ,  
The voltage f l u c t u a t i o n s  during the  i n i t i a l  100 hours of operat ion were a result 
of learn ing  how t o  s e t  t he  e l e c t r o l y t e  flow so  no stoppage would occur d u r i n g  
overnight operat ion.  A redesign of the  flow c o n t r o l l e r  and manual adjustments 
i n  flow r e s t r i c t i o n s  solved t h i s  problem. 





The cause of  t h e  increase  i n  t h e  genera tor  vol tage  from 1.5 t o  1.85 volts 
t h a t  occurred near  675 hours of  operat ion is  no t  known. I t  could have been 
a change i n  t h e  mechanism of  61 evolu t ion  r e s u l t i n g  from a change i n  t h e  

2 e l ec t rode  surface  p r o p e r t i e s  (e .g. ,  e l ec t rode  poisoning).  This tlzeory i.s 
supported by (a) observing t h a t  t h e  vol tage  remained constant  f o r  nose than 
50 hours a t  t h e  new l e v e l  of 1.85 v o l t s ,  (b) t h e  valve vol tage  reraained son- 
s t a n t  i n d i c a t i n g  no 0 was simultaneously being generated with t h e  612 to 
b u i l d  up i n  c o n c e n t r d i o n  i n  t h e  v a l v e ' s  gas compartment, and (c) a 1 second 
i n t e r r u p t i o n  i n  current  a t  750 hours caused a sudden drop i n  t h e  generator 
vol tage  from 1.85 t o  1 .5  v o l t s  where it remained u n t i l  t h e  scheduled test 
terminat ion poin t  was exceeded. 

5.6 Material  Evaluation 

Af ter  terminat ion of t h e  endurance t e s t i n g  t h e  t h r e e  c e l l s  were disassembled 
f o r  evalua t ion  of mater ia l  (see Table 1) compa t ib i l i t i e s  t o  t h e  operating 
environments. 

None of t h e  components showed any v i s i b l e  s igns  of d e t e r i o r a t i o n  a f t e r  the  788 
hours of in t eg ra ted  system opera t ion  except t h e  C 1  e l ec t rodes .  The C l g  e lec-  
t rodes  showed p a r t i a l  l o s s  of the  platinum black.  'visual examination w ~ t h  a 
20 power magnif icat ion microscope indica ted  t h a t  the  platinum screen suppor t ,  
however, was not  undergoing t h e  d i s so lu t ion  found with t h e  high surface area 
black.  The anode of the  generator  showed an est imated l o s s  of approximately 
50% of i t s  o r i g i n a l  platinum black.  The anode and cathode of t h e  valve showed 
l o s ses  of approximately 80 and 90%, r e spec t ive ly .  I t  appears t h a t  the h igh  
sur face  platinum black was dissolved i n t o  t h e  e l e c t r o l y t e .  Se lec t ion  06 i m -  
proved e l ec t rodes  being evaluated under in-house a c t i v i t i e s  appear t o  resolve  
t h e  platinum black d i s so lu t ion  quest ion.  



6.0 DESIGN RECOMMENDATIONS 

6.1 Materials 

The results of the material evaluations indicated that the materials selected 
were suitable for the cells of the electrolytic chlorinator. Selection of a 
modified C12 electrode will completely safeguard against the gradual, and l ong -  
term dissolving of platinum black. 

6.2 Configuration and Sizine 

The next generation of the electrolytic chlorinator should be designed and sized 
to meet specific criteria; for example, a six-man, 180-day requirement. Such 
a design would need an appreciable decrease in active cell area even when using 
the recommended low current density level of 5 ASF. The cells should use a 
common cell housing. The flow bubblers should be eliminated and shared gas com- 
partments interconnected directly, e.g., the cathode compartment of the C 1 2  
generator can also serve as the anode compartment of the eliminator, while the 
anode compartment of the generator can be identical to the cathode compartment 
of the valve. Electrolyte storage and flow regulation, Cl dispersion and 2 automatic chlorination level sensing and control represent recommended additions 
to the next generation water disinfecting system development. 



7.0 CONCLUSIONS 

The following conclusions can be drawn based on t h e  work performed under t h i s  
con t rac t :  

1. In tegra ted  operat ion of t h e  t h r e e - c e l l ,  e l e c t r o l y t i c  
ch lo r ina to r  was successfu l  and performed a s  p red ic t ed ,  

2 .  Extended opera t ing  times a r e  poss ib le  with more than 36 
days having been demonstrated. 

3 .  Mater ia ls  of  cons t ruc t ion  a r e  ava i l ab le  f o r  operatiilg 
times exceeding 180 days. 



APPENDIX 

DISCUSSION OF REDUCTION POTENTIALS 

A. 1 C l  - ~ 1 -  Couple -2 

The b e s t  va lue  f o r  t h e  p o t e n t i a l  f o r  t h e  c12-Cl- couple i s  t h a t  obtained frorr 
t h e  c e l l  measurements of t h i s  e l e c t r o d e  aga lns t  t h e  AgCl-Ag e l e c t r o d e ,  

Because of  t h e  l 'hydrolysis"  of  C 1 2  and t h e  formation of  hypoch lo r i t s ,  the 
p o t e n t i a l  becomes meaningless i n  a l k a l i n e  s o l u t i o n s .  

The couple i s  r e v e r s i b l e  and C l  i s  a r a p i d  ox id i z ing  agent .  In t h i s  respect, 
it i s  a s t ronge r  ox id i z ing  agen$ than  02 .  Because of  t h e  mechanism of t h e  
formation of  t h e  C l  molecule by oxidation of  t h e  ~ 1 - ,  overvol tages exist, A t  
approximately 100 A ~ F  t h i s  va lue  i s  0.026 v o l t  f o r  a p l a t i n i z e d  plat inum and 
0.054 f o r  smooth platinum. Chlorine evolu t ion  i s  complicated by t h e  f ac t  that 
t h e  oxida t ion  p o t e n t i a l  o f  water  i s  lower than  t h a t  of C 1 2 ;  hence, were i t  n o t  
f o r  t h e  t y p i c a l l y  high 0 overvol tage,  no C l  would be evolved by the eZectroBysis 

2 
o f  ch lo r ide  s o l u t i o n  a t  ?ow cu r ren t  d e n s i t i e s .  

Chlorine i s  s t a b l e  i n  ac id  s o l u t i o n s  wi th  r e spec t  t o  d i sp ropor t iona t ion ,  bu t  
t h e  r e a c t i o n  does have a measurable equi l ibr ium.  I t  i s  uns t ab le  with respect 
t o  t h e  evolu t ion  of O and C l  s o l u t i o n s  do slowly oxid ize  water which contrib- 
u t e  t o  i t s  water treagment e fgec t iveness .  

+ 
The H -H2 couple i s  one o f  t h e  b e s t  known couples .  I t  se rves  a s  t h e  standard 
re ference  e l ec t rode  and i t s  p o t e n t i a l  has  been a r b i t r a r i l y  s e t  a t  zero: 

A.  3 O -Water Couple -2 

Based on t h e  hea t  of formation and t h e  entropy of  formation of  water ,  t he  O2 
couple i n  a c i d  s o l u t i o n  i s  

This p o t e n t i a l  has  t h e  same importance i n  re ference  t o  the  s t a b i l i t y  o f  o x i d i z -  
i ng  agents  i n  water s o l u t i o n  t h a t  those  f o r  H2 have t o  t h e  s t a b i l i t y  o f  reduc- 
i ng  agents .  Thus, t h e  oxidized form of any couple with a more p o s i t i v e  psten- 
t i a l  than  O , a t  a given concent ra t ion  of H', should l i b e r a t e  O2 from the  
s o l u t i o n .  $he O2 couple i s  h ighly  i r r e v e r s i b l e  and, i n  genera l ,  it i s  iapos- 
s i b l e  t o  experimental ly  obta in  r e v e r s i b l e  performance. 



Figure A - 1  summarizes t h e  r e l a t i o n s h i p s  between t h e  va r ious  reduct ion  po ten t i aPs ,  
I t  a l s o  i n d i c a t e s  t h e  changes i n  p o t e n t i a l  t h a t  occur when cu r ren t  i s  draw 
through an e l ec t rode  a t  which t h e  va r ious  ind ica t ed  oxida t ion  o r  reduct ion  
r e a c t i o n  i s  occurr ing .  F i n a l l y ,  t h e  f i g u r e  i n d i c a t e s  t h e  combinations o f  r e -  
a c t i o n s  t h a t  r e s u l t  i n  C 1 2  genera t ion ,  H2 ox ida t ion  (e l imina t ion  of H2 gas) 
and C l  meter ing:  2  

1. Chlorine Generation 

2.  Hydrogen Eliminat ion 

3. Chlorine Metering 

(a) I f  t h e  value i s  negat ive ,  power i s  r equ i r ed .  I f  t h e  value i s  p o s i t i v e ,  
power i s  generated.  



(1) = C 1 2  Genera to r  Reac t ions  
( 2 )  = H E l i m i n a t o r  Reac t ions  
(3) = cf2 Valve Reac t ions  

FIGURE A - 1  COMPARISON OF REACTION RELATIONSHIPS 
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